ree semirigid connections which are convenient for prefabrication have been proposed in this paper. Based on them, the quasistatic test was conducted on three prefabricated semirigid steel frames with X-shaped braces in order to investigate their hysteresis behavior, bearing capacity, energy dissipation capacity, and failure mechanism. A comparative analysis of the semirigid connections was made to analyze their advantages and disadvantages. en, a numerical simulation was carried out via using ABAQUS to verify the test results, and the causes of the errors were analyzed. e results showed that the prefabricated semirigid steel frames with X-shaped braces had good seismic behavior, the braces cooperated well with the steel frame in resisting lateral load, and the braces failed before the steel frame, which meant the structure had two seismic fortification lines. e results of the numerical simulation tallied with the test results, which means the finite element model could accurately simulate the structure's mechanical behavior under cyclic loading. e structure had a better bearing capacity and ductility when using extended end-plate bolted connections.
Introduction
Vigorously promoting and developing steel structure buildings can not only relieve the excess capacity of steel industry but also promote the greening, industrialization, and informationization of buildings, thus realizing the transformation and upgradation of traditional industries [1] . e development of steel structure houses is the key to promoting the application of steel structures [2] . Steel structure houses usually adopt a frame structure. Currently, the connections between beams and columns are all boltweld mixed, which does not meet the requirements of building industrialization. erefore, it is necessary to study the connections of nonwelding.
At present, the connections between beams and columns in steel frames all adopt either rigid connections or hinged connections. However, due to the limited stiffness of the connections used in actual engineering, it is difficult to form an ideal rigid or hinged connection, so a semirigid connection objectively exists [3] . Previous studies [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] have shown that a semirigid connection will prolong the natural vibration period, increase damping, and increase the energy dissipation capacity but will also decrease the structural stiffness and enlarge the lateral displacement. Under a rare earthquake, the braces in a concentrically braced steel frame system, acting as the first seismic fortification line, appear to be unstable, yielding or even failing the before steel frame, while the frame acts as the second seismic fortification line [19] [20] [21] [22] [23] [24] [25] . e design concept of two seismic fortification lines is in line with the modern aseismic design concept. erefore, this type of structure has been widely used in multistory steel-structure buildings [26, 27] . By combining the X-shaped concentrically braced frame with the semirigid steel frame, it is possible to form a prefabricated semirigid steel frame with X-shaped concentric braces. e braces can compensate for the weakness of lateral stiffness in the semirigid steel frame and produce a satisfactory ductility and energy dissipation capacity, which shows promise for use in engineering applications.
Based on engineering practice, three semirigid steel frame specimens with X-shaped braces and different prefabricated semirigid connections was designed, and quasistatic tests were performed on the specimens. e loading process, working mechanism, hysteretic behavior, energy dissipation capacity, and ductility were analyzed. Combined with the results of the low-cycle reciprocating test and considering the Bauschinger effect of the material, ABAQUS software was used to conduct a nonlinear numerical simulation on the specimens. e simulation results were then compared with the experimental results to explain the cause of the errors.
Test Overview

Specimen Overview
Design of the Specimen.
e specimen tested was a single frame with two spans and two floors, with a scale ratio of 1 : 2. One of the spans was an X-shaped concentrically braced frame. e other span was a semirigid bending-resistant steel frame. e beams and columns of the two spans had the same cross section. e axis distance was 3000 × 2 � 6000 mm, and the total height was 3117 mm, as shown in Figure 1 . e semirigid connections were in the form of top-seat angle connections with web and ear plates, extended end-plate bolted connections, and T-section connections. e three forms of connections are shown in Figure 2 . e braces were connected to the steel frame by a gusset plate. e cross-sectional dimensions of the components are presented in Table 1 . e specimen numbers are presented in Table 2 . e tested frames were designed by finite element analysis software SAP2000. In order to acquire the proper scantling, the Pushover analysis was conducted and the displacement control method was adopted. According to the Code for Seismic Design of Buildings [28] , the story angle limitation was determined as 1/250 under the frequent earthquake and 1/50 under the rare earthquake. e semirigid connections were simulated by nonlinear connection element with Takeda plastic property. e nonlinear influence should be considered in the Pushover analysis. e P-Δ effect and plastic hinge could separately achieve the geometric nonlinearity and material nonlinearity. e results showed that the plastic hinges on the frames followed the appearance sequence of "brace-beam-column" and the max displacement did not reach the limitation, which indicated the frames had reasonable design and could be studied in the following tests.
Material Test.
All of the specimens were made from Q235B steel.
e yield strength f y , the ultimate tensile strength f u , the modulus of elasticity E, and the elongation δ of the steel were determined by the material tests. e material tests were conducted according to the relevant provisions of the National Standards Metallic Materials-Tensile Testing-Part 1: Method of Test at Room Temperature [29] and Steel and Steel Products-Location and Preparation of Test Pieces for Mechanical Testing [30] . e results are shown in Table 3 .
Test Equipment.
According to the Specification for seismic test of buildings [31] , the test uses a dual control load-deformation method. Before the specimen yields, load control should adopt step loading. After the specimen yields, deformation control should be adopted, where the deformation value uses the maximum displacement value when yielded, and the loading is performed in steps by a multiple of the displacement value. Each stage of the load is cycled twice.
In the test, a constant vertical load was first applied to the top of the column, and then a horizontal low-cycle reciprocating load was applied at the end of the top-floor beam. e vertical load was provided by three 30 t hydraulic jacks. One end of the Jack was connected to the top of the column, and the other end was fixed to the girder of the loading portal. A roller device was arranged between the Jack and the girder to enable the Jack to maintain real-time horizontal movement with the top of the column and to reduce the effects of friction. e horizontal reciprocating load was provided by a 100 t MTS electro-hydraulic servo actuator. One end of the actuator was fixed to the reaction wall, and the other end was connected to the specimen. e actuator had a stroke of ±250 mm. In order to ensure the out-of-plane stability of the specimen during the test, lateral braces of sufficient stiffness were installed at the connections of the first and second-floor as well as the middle of the beams. Rollers were installed on the lateral braces to reduce the influence of friction on the in-plane horizontal load. e column base and the ground beam were welded together to achieve the boundary condition of fixed-end constraint. e test setup is shown in Figure 3 .
To measure the lateral deformation, displacement meters are set at the first and second levels of the beam center line, as shown in Figure 4 . In addition, one-way strain gauge and tridirectional strain rosette are arranged in critical stress positions such as the column base, brace and beam end to measure the change of internal force, which is presented in Figure 5 .
Test Phenomena.
e test phenomena of the specimens were generally the same, with only minor differences. Considering the limited space in this paper, a representative specimen C-JB was selected to elaborate the test phenomena.
It can be seen from Table 4 and Figure 6 that the brace damage of the C-JB specimen mainly occurred at the connection. is is because the connection was in a multidirectional stress state under the reciprocating load, and the section's plasticity was not easy to develop, showing characteristics of brittle fracture. After removal of the load, the deformation of the steel beam without the braced span was basically restored, and the deformation of the column base was not obvious, but the strain data showed that the column base had been plastically developed. e steel beam with the braced span and the brace retained a large residual deformation, and the semirigid connection displayed no obvious deformation. It can be seen from the whole test process that the structure generally followed the failure sequence of "brace-beam-column" and had two seismic fortification lines. e structure could follow the design principles of "strong column-weak beam" and "strong connection-weak component" as well as the design criteria of "elastic deformation in a small earthquake; no yielding of braces and elastic deformation of the frame in a moderate earthquake; allowable breaking of braces and no yielding of the frame in a large earthquake."
Data Analysis
Hysteresis Curve.
Taking the lateral displacement value of the top floor as the abscissa and the horizontal load applied by the actuator as the ordinate, the hysteresis curve for each specimen could be plotted, as shown in Figure 5 . e hysteresis curves reflect the trend of the energy dissipation capacity, load-bearing capacity and lateral stiffness of the structure. It can be seen from Figure 7 that during the whole loading process, the hysteresis curves presented a "three-stage form," that is, the hysteresis curve could be divided into three stages according to the diagonal slope of the hysteresis loop. Firstly, in the initial stage, the hysteresis curves were approximately linear, and there was almost no residual deformation after unloading, the specimens displayed no energy dissipation. In this stage, the specimen remained in the elastic state, with the largest diagonal slope, and the lateral stiffness was provided by the braces and the semirigid steel frame. Secondly, as the lateral displacement increased, the braces displayed elastic-plastic deformation and it was expanded continuously. e hysteresis curves began to appear nonlinear, and the area enclosed by the hysteresis loop increased, forming a full shuttle shape. e energy dissipation of the specimens gradually increased and the diagonal slope of the hysteresis loop gradually decreased, which indicates that the overall lateral stiffness of the specimens was degraded continuously.
irdly, in the final stage, the braces basically did not function and the diagonal slope of the hysteresis loop was the smallest. e lateral stiffness was only provided by the semirigid steel frame, but the hysteresis loop still formed a full shuttle shape and had no obvious slippage. e loadbearing capacity of the steel frame was not significantly reduced, indicating that the semirigid steel frame had a good load-bearing capacity and stable energy dissipation performance.
rough comparison of the hysteresis curves, it can be seen that in the elastic stage, the hysteresis curves of the specimens were not much different, and the initial stiffness was very similar. In the elastic-plastic stage, the interfloor displacement angle of each specimen was about 1/268, lower than 1/250. e maximum elastic-plastic deformation of specimens C-JA, C-JB and C-JC were 39.2 mm, 44.8 mm and 42.0 mm respectively, and the corresponding elastic-plastic interfloor displacement angles were 1/77, 1/67 and 1/71 respectively, all lower than 1/50, meeting the requirements of the specification. At the same time, it can be seen that the curve of specimen C-JB was the smoothest, with no sudden change in load-bearing capacity or deformation ability, followed by specimens C-JC and C-JA. In the final stage of loading, the diagonal slope of the hysteresis curve of each specimen was almost the same, and the lateral stiffness of the semirigid steel frame was similar. However, the load-bearing capacity of the C-JB semirigid steel frame was about 12% higher than the other two, displaying a better load bearing capacity.
Skeleton Curve.
e skeleton curves of the specimens are shown in Figure 8 . It can be seen from Figure 8 that the skeleton curves had good symmetry for both positive and negative displacements and the initial elastic stiffness was basically the same. e skeleton curves have an inverted S-shape, which indicated that the stress process could be roughly divided into three stages: the elastic stage, plastic stage and failure stage.
In the initial loading stage, the horizontal load and displacement increased linearly, indicating that the specimen was in the elastic stage. After the elastic stage, the skeleton curve appeared nonlinear, and the slope of the curve decreased, indicating that the stiffness was degraded and the specimen entered the elastic-plastic stage because the braces developed a crack at the cross connection of the X-shaped brace, further resulting in a gradual decrease in the lateral stiffness of the specimen.
All the specimens then reached a peak load at δ � ±16.8 mm. When the specimens reached a displacement of δ � ±22.4 mm, the skeleton curve displayed a more obvious turning point, and the horizontal load dropped sharply.
is was because the brace had broken and the specimen experienced a sudden change in stiffness, which was brittle failure. However, because the specimen still possessed a high lateral stiffness, the internal force was redistributed, and the load bearing capacity continued to grow slowly. As the load increased, the failure of the brace was intensified, and the skeleton curve displayed a slowly Advances in Civil Engineering falling trend, meaning the specimen entered the failure stage.
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In the failure stage, the brace basically did not function, and only the semirigid steel frame was stressed. e curve displayed a slow downward trend, indicating that the semirigid steel frame also had good ductility and load-bearing capacity.
Comparing the skeleton curves, the ultimate displacement for each specimen was the same, and the peak load of specimen C-JC was the largest, which was 6.4% and 12.6% higher than that of specimens C-JB and C-JA, respectively; in the final stage of loading, specimen C-JB had the highest load bearing capacity, which was 35.8% and 21.9% higher than specimens C-JA and C-JC, respectively. It can be seen that the ductility of specimen C-JB was the best.
Energy Dissipation Performance.
Energy dissipation is one of the main indicators when evaluating the seismic performance of a structure. Under the action of a low-cycle reciprocating load, the area of the hysteresis loop represents the energy dissipation capacity of the structure. e fuller the hysteresis loop, the better the energy dissipation performance. Based on the experimental data, the accumulated energy dissipation in each loading cycle can be found. e energy dissipation capacity can be expressed by the energy dissipation coefficient E. A larger energy dissipation coefficient indicates a better energy dissipation performance and a better seismic performance. e energy dissipation coefficient E can be calculated by
where S (ABC+CDA) represents the area enclosed by the hysteresis loop; S (OBE+ODF) represents the area enclosed by the corresponding triangle, as shown in Figure 9 . e variation of the energy dissipation coefficient of each specimen in the loading process is shown in Figure 10 . It can be seen that in the initial loading stage, the energy dissipation coefficient was small, indicating that the structure was in the elastic stage, and there was almost no energy dissipation. After entering the elastic-plastic stage, the brace dissipated the energy and the coefficient increased remarkably. As the loading continued, the damage to the brace accumulated and the energy dissipation coefficient tended to be stable. In the final loading stage, the brace basically did not function, and only the semirigid steel frame absorbed energy, which led to the energy dissipation coefficient decrease. e energy dissipation coefficients of the specimens C-JA, C-JB and C-JC were all small in the elastic-plastic stage. is is because the intersecting connections were in a multi-directional complex stress state under the reciprocating load, so that a crack was generated prematurely, the plasticity of the brace was not fully developed, and the energy dissipation capacity was not fully utilized either. Comparing the specimens, it can be seen that in the final stage of loading, the energy dissipation coefficient of the specimen C-JA was the highest, followed by the specimens C-JB and C-JC. e variation law is opposite to the bearing capacity, and is inversely proportional to the relative magnitude of the semirigid connection's initial rotational stiffness. It can be concluded from the test process in Section 2.2 that the plasticity development sequence of the prefabricated semirigid steel frame with X-shaped braces was as follows: the long penetrating brace had a crack parallel to the weld at the connection; with the increase of the stress, the crack gradually penetrated the metal and the brace then broke. e end of the floor-two beam then became unstable, and a plastic hinge effect occurred, and finally a plastic hinge was formed at the bottom of the floor-one column. It basically followed the failure sequence of brace-beam-column. e structure had two seismic fortification lines, which met the design requirements of "strong column and weak beam" and "strong connection and weak component."
Verification by Finite Element Analysis
Building of the Model.
e FEM models were built by the finite element platform of ABAQUS software. As we all know, the shell element could effectively reduce the computing time with the same calculation accuracy, so the general shell element S4R was selected to simulate the steel frame and braces because of its steady performance and extensive scope of application. e spring unit SPRING2 was used to simulate the semirigid connections. According to the previous data for connection analysis, the nonlinear connection characteristics were given by modifying the INP file. e model adopted a bilinear isotropic kinematic hardening model, obeyed the Mises yield criterion, the relevant flow criterion and the kinematic hardening criterion.
e Bauschinger effect was considered and Poisson's ratio was 0.3. Swept meshing was conducted to get the hexahedral elements and the mesh size was 1/20. e plasticity data and elastic modulus of the steel could be obtained in Table 3 . e finite element model is shown in Figure 11 .
Hysteresis Curve.
e hysteresis curves of the test results and the FEM analysis result are shown in Figure 12 .
It can be seen from Figure 12 that the hysteresis curve obtained by the finite element analysis agreed well with that obtained from the test, and the errors between the two methods in terms of yield load, peak load and ultimate load were within 10%, indicating that the ABAQUS model can simulate the mechanical properties of the specimen satisfactorily. However, there were still some differences between the two methods and the reasons are as follows:
(1) Compared with the test results, the hysteresis curves obtained by the finite element analysis were fuller, the area enclosed by the hysteresis loop was larger, and there was no pinching phenomenon. is was because the bolt connecting the actuator and the specimen became loose in the middle and final stages of the test. erefore, a slipping phenomenon occurred during the process of reciprocating loading, resulting in a certain pinch in the test results. However, this phenomenon did not occur in the finite element analysis. (2) e load-bearing capacity in the final stage of the finite element analysis was higher than the test value. is was because there were initial defects in the actual material, which will have a certain influence on the test results, while the initial defects of the material were not considered in the finite element analysis.
Load Bearing Capacity.
e yield stress and yield displacement of the specimen were determined by using the general yield bending moment method [32] , as shown in Figure 13 . Points A, B, C, and D represent the initial yield point, yield point, peak load point, and failure load point of the specimen, respectively. Among them, according to the Specification for seismic test of buildings [31] , there are P u � 0.85P max and the corresponding Δ u represents the limit displacement of the specimen. e ductility of the structure is measured by the displacement ductility factor μ, which is the ratio of the ultimate displacement Δ u to the yield displacement Δ y , i.e.:
e comparison of the bearing capacity between the finite element analysis and test are shown in Tables 5-7 . It can be seen from the tables that the ABAQUS model could accurately predict the yield load, peak load and ultimate load of the specimen and the error was within 8%. e error in the yield displacement did not exceed 5.8%, but the limit displacement error of C-JC was relatively large. e main reason is that the connection was always in a multi-directional stress state during the test, and the load-bearing capacity was suddenly reduced due to fatigue failure. In contrast, the plasticity in the finite element analysis was continuously accumulated, with no brittle fracture, so the load bearing capacity was not significantly reduced and a large error was generated.
According to equation (2), the ductility coefficient was calculated to be 1.7-2.2, and the ductility was acceptable. If the connection was strengthened or connected in a stronger way, the brace could be prevented from prematurely breaking during the test process, and the ductility performance could also be effectively improved. e stiffness calculated by the finite element analysis was slightly higher than that produced by the test. It can be seen that the existence of the initial defects in the steel caused part of components to enter the yielding stage too early, which reduced the initial stiffness of the structure. However, the influence of the material's initial defects was not considered in the ABAQUS model.
Stress Analysis.
Due to the limited space in this paper, only the von Mises stress cloud of the specimen C-JB is presented in Figure 14 . It can be seen from Figure 14 that when the specimen reached the limit state, a large plastic deformation occurred at the connection, and the brace broke and did not function, as shown in Figures 15 and 16 . e beam end (as shown in Figure 17 ) and the column foot entered the plastic stage and produced plastic hinges, but they still had load-bearing capacity. rough the analysis, it could be found that under the action of horizontal load, the braces yielded first and dissipated the energy. erefore, this can reduce the stress on the columns and beams, effectively protecting the main load-bearing components, preventing the sudden collapse of the structure in a large earthquake, and meeting the requirements of multi seismic fortification lines. 
Conclusions
In this paper, three different semirigid connections between beams and columns were proposed, and the quasi-static test and finite element analysis were performed on the prefabricated semirigid steel frame with X-shaped braces. e following conclusions have been made:
(1) e prefabricated semirigid steel frame with X-shaped braces showed excellent seismic performance, a full hysteresis curve, strong energy dissipation capacity, and relatively stable load-bearing capacity under a large deformation state.
(2) Compared with the top-seat angle connection with web and ear plates, and the T-section connection, the semirigid steel frame with X-shaped braces exhibited excellent load bearing capacity and ductility when the extended end-plate bolted connection was adopted, and the connections were easy to produce and install, with reasonable paths for stress transmission. is form should be selected in preference. (3) In the prefabricated semirigid steel frame-with X-shaped braces, the braces failed before the steel frame failed, and the braces and the steel frame had good coordination. e system had two seismic fortification lines with a level of high safety.
(4) e results of the finite element analysis were basically consistent with the test results, indicating that the finite element model established in this paper could accurately simulate the mechanical behavior of a semirigid steel frame with X-shaped braces under reciprocating load.
Future Direction
Although the seismic response of the prefabricated semirigid steel frame with X-shaped braces and three different semirigid connections has been preliminarily studied, more analytical data are still required to further examine this structural system. As the behavior of connections can be significantly affected by various connection types and the number of bolts, more finite element studies will be conducted to investigate the behavior patterns of different connections. is will facilitate further evaluation of the rotational stiffness of beam-column connections and their influences on the seismic performance of the structure. Furthermore, different brace arrangements and sections will be studied to optimize the performance of this type of structural system.
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